We investigated the biochemical and biophysical properties of one of the four alternative regions within the Drosophila myosin catalytic domain: the relay domain encoded by exon 9. This domain of the myosin head transmits conformational changes in the nucleotide binding pocket to the converter domain, which is crucial to coupling catalytic activity with mechanical movement of the lever arm. To study the function of this region, we used chimeric myosins (IFI-9b and EMB-9a), which were generated by exchange of the exon 9-encoded domains between the native embryonic body wall (EMB) and indirect flight muscle isoforms (IFI). Kinetic measurements show that exchange of the exon 9-encoded region alters the kinetic properties of the myosin S1 head. This is reflected in reduced values for ATP-induced acto-myosin dissociation rate constant (K 1 k +2 ) and ADP affinity (K AD ), measured for the chimeric constructs IFI-9b and EMB-9a compared to wildtype IFI and EMB. Homology models indicate that, in addition to affecting the communication pathway between the nucleotide binding pocket and the converter domain, exchange of the relay domains between IFI and EMB affects the communication pathway between the nucleotidebinding pocket and the actin-binding site in the lower 50 kDa domain (loop 2). These results suggest an important role of the relay domain in the regulation of acto-myosin cross-bridge kinetics.
Introduction
The myosin superfamily consists of at least 24 classes of ATP-dependent motor proteins that interact with actin filaments and are involved in a large number of physiological processes, such as muscle contraction, phagocytosis, cell motility and vesicle transport. 1, 2 All myosins appear to undergo the same ATP driven cycle of interaction of myosin with actin, known as the cross bridge cycle, yet myosins show a wide variety of different mechanical activities. Class II myosins consist of two heavy chains (MHC) and two pairs of light chains: the regulatory light chains (RLC) and essential light chains (ELC). The C-termini of the myosin heavy chains dimerize as a coiled-coil ('myosin tail') whereas the N-termini form the two myosin 'heads' or 'motor-domains'. The most familiar activity of class II myosins is muscle contraction.
The various isoforms of Drosophila melanogaster muscle myosin II heavy chain (MHC) are encoded by a single gene (Mhc). 3 Alternative RNA splicing produces myosin isoforms with different tissue specificity and functional properties. Of the 19 exons in Mhc, 5 exon sets are alternatively spliced, while exon 18 is either included or excluded. Four of the six alternative exon sets encode portions of the motor domain. 4 The domains encoded by exon 3 (amino acid residues 69-116) and exon 9 (472-528) are located near the sulfhydryl helix, a part of the myosin head that is thought to transduce the chemical energy provided by ATP hydrolysis into movement. The exon 7 domain (301-335) is near the ATP-binding pocket. The exon 11 region (724-764) is part of the converter domain, providing a bridge between the long relay helix encoded by exon 9 and the essential light chain (ELC). Exon 11 encodes the lowest degree of conservation among the alternative regions (38 %), followed by exon 7 (56 %), exon 3 (75 %) and exon 9 (89 %).
Exon 9 encodes one of the variable regions in the myosin head, whose location is indicated in Figure 1A . This region is also known as the 'relay helix-loop-helix domain' or 'relay domain' and plays a crucial role in the structural coupling between ATP hydrolysis and the recovery stroke in the myosin motor. The mechanism of this coupling has recently been modeled in detail based on two crystal structures of Dictyostelium myosin II representing the pre-power stroke state and the post-power stroke state. 5 It was proposed that before ATP hydrolysis can occur, the switch-2 loop closes in a step-wise fashion. Closure of switch-2 is linked to an initial rotation of the converter domain via a see-saw pivoting of the relay helix (step 1), whereas the second phase of converter rotation is coupled to the final closing of switch-2 via the SH1 and SH2 helices and the wedge loop (step 2). This proposed coupling mechanism is consistent with the many available myosin crystal structures. 6, 7 The Drosophila relay domain is encoded by alternative exons 9a, 9b, or 9c. 3 Exon 9a encodes the indirect flight muscle isoform (IFI) relay domain, while exon 9b encodes a relay domain found within one of the embryonic body wall isoforms (EMB). 8 The amino acid sequences of the two relay domains, encoded by exon 9a (IFI) or exon 9b (EMB), are depicted in Figure 1B and correspond to residues 472-528 of chicken myosin II (or residues 469-525 using Drosophila numbering). For reference purposes we use the chicken numbering throughout this paper. We previously generated chimeric myosins (IFI-9b and EMB-9a) by exchanging relay domains between the two native isoforms. 9 This allows for characterization of functional differences ascribed to alternative versions of this domain. Interchanging the two versions of exon 9 resulted in different effects on the indirect flight muscle (IFM) ultrastructure and performance. IFI-9b flies displayed wild-type structure and stability of IFM myofibrils, while EMB-9a flies showed a significant disruption of muscle structure and myofibril stability when compared to EMB flies. Flight and jump ability tests of flies expressing the IFI-9b myosin isoform were near wild-type, while flies expressing the EMB-9a isoform failed to rescue the flightless phenotype and impaired jumping phenotypes observed in flies expressing the EMB isoform. Results from biochemical and mechanical experiments performed on full-length IFI-9b myosin molecules showed that its basal and actin-stimulated ATPase activities, as well as its in vitro actin sliding velocity, are similar to those of IFI. 9 In contrast, the EMB-9a myosin isoform shows a reduction of both basal and actin-stimulated ATPase activities compared to EMB, a marked increase in actin affinity, and lacks the ability to translocate actin filaments in vitro. 9 This paper describes steady-state and transient kinetics measurements using S1-fragments of the previously generated exon 9 (IFI-9b and EMB-9a) chimeric MHC isoforms to investigate the roles of the alternative relay domains in regulating the acto-myosin crossbridge cycle. Our results show that several kinetic parameters are affected, including ADP affinity, actin affinity and ATP-induced actomyosin dissociation. These results indicate that the relay domain, encoded by exon 9, affects more than one signal transduction pathway in the Drosophila myosin head. In addition to the expected effects upon the communication pathway between the nucleotide binding pocket and the converter domain, the signal transfer from the nucleotide-binding pocket towards the actin-binding site is altered when exchanging relay domains between IFI and EMB. Homology models of the chimeric myosin S1 molecules suggest a possible mechanism by which exchanging the relay domain can alter the kinetic properties of the myosin head.
Results
Actin-activated Mg 2+ -ATPase of the S1 fragments of IFI, EMB, IFI-9b, and EMB-9a A summary of the steady-state properties of the S1 fragments of wild-type and chimeric myosins is shown in Table 1 . This represents the first determination of these kinetic parameters for Drosophila myosin S1 ATPase. In agreement with our previous data for fulllength wild-type myosins 9, 10 , basal MgATPase and actin-activated ATPase values (V max ) were significantly higher for IFI S1 (0.074 ± 0.016 s 1 and 2.47 ± 0.29 s 1 , respectively) compared to EMB S1 (0.016 ± 0.002 s 1 and 0.67 ± 0.06 s 1 , respectively). There was also a significant difference between K m values for actin with EMB S1 showing a two-fold increase in actin-affinity compared to IFI S1 (K m = 2.54 ± 0.46 M and 5.38 ± 1.13 M respectively). For the chimeric myosins, we found that the steady-state kinetic properties of EMB-9a S1 did not differ significantly from that of EMB S1 (Table 1) . For IFI-9b S1 however, we found a small, but statistically significant difference in V max compared to IFI S1 (V max = 3.05 ± 0.37 s 1 for IFI-9b and 2.47 ± 0.29 s 1 for IFI). Overall, the basal Mg 2+ -ATPase activities of the S1 fragments were 2-fold lower compared to the activities for fulllength myosins. 9 We assessed whether the 2-fold decrease in basal Mg-ATPase activity seen for S-1 compared to full-length myosin results from the absence of salt in the S-1 assay buffer, but found that eliminating KCl had no appreciable effect upon basal Mg-ATPase activity of full-length IFI (data not shown). In contrast, the V max values of the S1 fragments are approximately 2-fold higher than those of the full-length myosins (except for EMB). Further, the K m values of all four S1 fragments are approximately 10-60 fold greater than obtained with the full-length myosins, indicating a significantly weaker apparent affinity for actin for the S1 fragments (Table 1 and Figure 2) .
Determination of the ADP-release rate of S1 (k −D ) using coumarin-labeled ADP
To estimate the rate constant of ADP dissociation from S1 in the absence of actin, the change in fluorescence of a coumarin-labeled ADP analog (3 -O-{N-[2-(7-diethylaminocoumarin-3-carboxamido)-ethyl]-carbamoyl ADP abbreviated to deac-eda ADP) was measured upon its displacement by ATP-binding to S1. 11 Previously it was shown that this coumarin-labeled analog has very similar kinetic properties compared to ADP. When using eda-deac ADP the ADP release rate (k D ) was unchanged for rabbit fastskeletal myosin S1, the Dictyostelium myosin head fragment (M765-1R) and rat EDL myosin S1. 11 A single laser flash released 15-20 M ATP from 100 M cATP (caged ATP) and the fluorescence change resulting from ATP-induced displacement of 1.5 M deac-eda ADP release is depicted in Figure 3 for IFI-9b and EMB-9a myosin S1. The measured fluorescence signal could be fitted to a single exponential, from which the resulting k obs gives the ADP-release rate (k D ). A k D = 2.0 ± 0.4 s 1 for IFI-9b and k D = 6.0 ± 0.5 s 1 for EMB-9a were obtained. The k D rate of IFI-9b is similar to that of EMB whereas EMB-9a has a k D value close to IFI 12 (see Table 2 ). Control measurements using wild-type myosin S1 (IFI and EMB) confirmed the k D values reported previously for IFI and EMB. Since the exon 9-encoded region in the myosin head is not very close to the nucleotide binding pocket (Figure 1 ) the large change in k D rates for IFI-9b and EMB-9a was quite surprising and indicates a critical role for the relay domain in attenuating the rate of ADP release from S1.
Determination of the ATP-induced dissociation of acto-S1 (K 1 k +2 )
The ATP-induced dissociation of the acto-S1 complex was measured as described previously 13 using the flash photolysis method. After mixing actin and S1, the sample was subjected to a series of laser flashes with variable intensities releasing different amounts of ATP from caged ATP. The changes in light scattering ( Figure 4A /B) could be fitted to a single exponential. Plotting the observed rate constant k obs versus ATP concentration allows the apparent second-order rate constant K 1 k +2 to be determined from the slope of the graph. The results for the two exon 9 chimeras together with the IFI and EMB wild-type S1 are depicted in Figure 4C . For IFI-9b and EMB-9a the K 1 k +2 value is reduced about 2-fold (K 1 k +2 = 0. 35 Table 2) .
Determination of the ADP-affinity of acto-S1 (K AD )
The ADP-affinity for S1 in the presence of actin, described by the equilibrium dissociation constant K AD , was determined using established methods. 12 The ATP-induced dissociation of acto-S1 was measured in the presence of increasing amounts of ADP. Plotting k obs versus ADP-concentration allows K AD to be determined. The measured values of K AD for IFI-9b and EMB-9a are reduced compared to the wild-type values (see Figure 5 and Table 2 ). The K AD of IFI-9b (K AD = 155 M) is more than 2-fold lower compared to IFI (K AD = 409 M), whereas the K AD value for EMB-9a was reduced to 419 M, compared to K AD = 587 M measured previously for EMB. Thus exchange of the exon 9 encoded region between IFI and EMB increases the ADP affinity of acto-S1 for both chimeras.
Actin-S1 dissociation by ATP and subsequent re-association: k cat S1 (1 M) and actin (1 M) were incubated with caged ATP. After release of ATP by a single laser flash, the light scattering signal (resulting from the dissociation reaction) could be fitted to a single exponential (k obs ). Analysis of the complete reaction profile including re-association gives information on the rate of the ATP-induced dissociation and the time taken to hydrolyze all the released ATP. 13 Figure 6 shows that the k cat values for IFI-9b and EMB-9a were k cat = 0.163 s 1 and k cat = 0.095 s 1 respectively. The k cat for EMB (k cat = 0.028 s 1 ) is lower than the k cat value reported previously for fast vertebrate skeletal muscle S1 using the same experimental setup (k cat = 0.11 s 1 ), whereas the k cat for IFI is higher (k cat = 0.172 s 1 ). 13 For IFI-9b the measured value for k cat (0.163 s 1 ) is not statistically different from IFI. The k cat for EMB-9b (k cat =0.095 s 1 ) is significantly higher compared to EMB ( Figure 6 and Table 2 ).
Homology Models: General Description of the exon 9 area
Homology models of the two wild-type myosin S1 isoforms (IFI and EMB) and the two chimeras (IFI-9b and EMB-9a) were built in order to understand the results described above at the molecular level. The various states of the myosin head during the cross-bridge cycle are represented by several crystal structures of scallop myosin and these were chosen as templates to generate 3D homology models of the IFI and EMB and the chimeras. In the exon 9-encoded area, the rmsd of the myosin backbone between IFI and EMB was < 0.07 Å and followed the same topology for both isoforms. For descriptive purposes, we use the same nomenclature for secondary structure elements as described previously. 14 As depicted in Figure 7A a long helix (helix P: residue 475-505) at the N-terminus of the exon 9 region is followed by a loop (506-516) and then a short helix (helix Q: 517-527). The long helix P contains three residues that are variable between exon 9a and exon 9b: residue 494, which is in the middle of this long helix and can be Ile (exon 9a) or His (exon 9b), residue 498 which is positioned one helix turn further from residue 494 (thus is on the same side of the helix as residue 494) can be Met or Leu, and residue 505, located at the C-terminus of helix P, can be a Lys or Arg. The loop between helix P and Q contains the other variable residues (Asn/ Asp 509 and Asp/Ala 511 ). The short helix Q at the C-terminal end of exon 9 is identical in the two isoforms.
Exon 9 area: highly conserved interactions-Sequence alignments show that the exon 9 encoded region is a highly conserved area of the myosin head ( Figure 7B ). About 50% of the residues in helix P (residue: 475-505) are totally conserved, whereas the residues in the loop and helix Q are more variable. Analysis of many myosin crystal structures 7, 15 and modeling work by Fisher et al 5 have indicated that the relay domain plays a crucial role in the structural coupling between ATP hydrolysis and the recovery stroke in the myosin motor. Closure of switch-2, located in the nucleotide binding pocket, is linked to an initial rotation of the converter domain via a see-saw pivoting of the relay helix. 5 Subsequently the second phase of converter rotation is coupled to the final closing of switch-2 via the SH1 and SH2 helices (residues 691-716) and the wedge loop (His 583 Ile 584 Ala 585 ). Our homology models show that Drosophila myosin residues Gln 477 , Asn 481 and Asn 484 , all located at the N-terminus of helix P, form hydrogen bonds with switch-2 residues Glu 468 , Ala 465 and Gly 466 (not shown). The contacts between switch-2 and the N-terminal part of helix P are maintained throughout the cross-bridge cycle, since they can be seen in all homology models that were built using different scallop structures as templates. These contacts allow the relay helix to follow the movements of switch-2 in a see-saw like fashion, in accordance with the model of Fisher et al for Dictyostelium myosin II. 16 The highly conserved residues Phe 490 and Phe 491 form the fulcrum point, anchoring the relay helix P to the 3 rd strand of the central -sheet via residue Phe 673 , also in agreement with the Fisher model for Dictyostelium myosin II. The second stage of converter rotation, coupled to the final closing of switch-2 via the SH helices and the wedge loop involves other highly conserved exon 9 region residues. Contacts with the wedge loop involve exon 9 region residues Glu 485 , Gln 488 and Cys 522 whereas contacts towards the SH1 and SH2 helices involve the conserved residues Gln 488 , Asn 492 , Glu 499 , Glu 502 , Tyr 503 , Asp 514 and Asp 518 . None of the five variable residues encoded by exon 9a/b is involved in direct contacts with either switch-2, the wedge loop or the SH1 and SH2 relay helices, indicating these switch interactions are a conserved feature of both isoforms.
Exon 9 area: non-conserved interactions-Inspection of the exon 9-encoded domain in the homology models reveals close interactions between this domain and the region encoded by alternative exon 11, a variable portion of the myosin head of Drosophila that is located in the converter domain. These interactions are summarized in Figure 8 . Comparison of IFI and EMB shows that certain contacts between the relay domain and the converter domain are conserved for both isoforms, such as salt-bridges from Glu 502 towards Lys 764 and Glu 506 towards Lys 764 and Thr 763 . However, the two variable residues 509 and 511 are also involved in contacts towards the converter domain. For IFI the side chains of Asn 509 and Asp 511 make contacts towards the side chain of residue Arg 759 , whereas EMB only has Asp 509 that can form a salt bridge towards Arg 759 (since EMB residue 511 is an Ala). One variable residue encoded by exon 11 (Asn 762 ) is also involved in contacts with the EMB exon 9 region whereas this contact is missing for IFI. Figure 8 also shows that the interactions between the relay area (encoded by exon 9) and the converter domain (encoded by exon 11) not only depend on the particular myosin isoform but also on the conformational state of the myosin head. The two variable residues 509 and 511 are not always in contact with residue Arg 759 in the converter domain. For instance, contacts between Asp 511 and Arg 759 are only seen for IFI in the post-power stroke conformation, suggesting their formation and breaking are part of the cross-bridge cycle ( Figure S1 ). Homology models of EMB-9a show that this chimeric molecule is able to form a salt-bridge between Arg 759 and Asp 511 in the near-rigor state (Figure 8 ). This interaction is not seen for EMB, which has Ala 511 , and this additional contact may contribute to the lack of motility observed for the chimeric EMB-9a isoform (see also Discussion).
Residue 505, either an Arg or Lys, is located at the C-terminus of the relay helix. This residue is involved in an intra-helical salt-bridge towards Glu 501 and Glu 502 ( Figure 9 ) when myosin is in the pre-power stroke state, i.e. when using ExPDB 1qvi as template to build the model. For the other three states, this intra-helical salt-bridge is absent, suggesting its formation 11 and deformation are part of the cross-bridge cycle. Intra-helical salt-bridges are a stabilizing factor of monomeric -helices and can vary in strength. Because Arg is able to form two charged hydrogen bonds to the carboxyl group of Glu whereas Lys can form only one, thermophylic enzymes prefer Arg residues over Lys in order to enhance the stability of the protein. 17 This may be the reason that the slower isoform EMB has Arg in its intrahelical salt-bridge whereas the faster IFI isoform is using Lys. Looking at the alignments of various myosins ( Figure 7B ) it appears that, except for EMB, the fast IFI and all other skeletal myosin II isoforms have a Lys at this position. The slow EMB is more akin to the slower myosin forms, such as smooth myosins and Dictyostelium myosin IE which all have an Arg instead. The Glu 501 residue is completely conserved; indicating this intra-helical saltbridge in the myosin relay helix is a universal feature.
Residue 494, which can be either Ile or His, is located about halfway along the relay helix ( Figure 7A ). The position of this residue is of interest because it is next to Met 495 , the residue postulated to be involved in the local unwinding of the relay helix during the crossbridge cycle. 16 Residue 494 is also close to the fulcrum point (Phe 490 , Phe 491 and Phe 673 ) which anchors the relay helix to the third strand of the central -sheet and its presence may reinforce the anchoring point. Inspection of the homology models ( Figure 10) shows that EMB residue His 494 14 is able to make a hydrogen bond from the imidazole ring (H-donor) towards the carbonyl of residue Leu 666 . This residue is located at the C-terminus of helix W and 100% conserved. Helix W is located immediately after loop 2, also known as the actinbinding loop and may be part of the communication pathway between the relay domain (encoded by exon 9) and the actin-binding site in the lower 50 kDa domain of the myosin head (see Figure 10 + Figure S2 and Discussion). IFI has an Ile residue at position 494 and is not able to make this contact towards helix W.
Discussion
In this report, we utilized S1 fragments of wild-type (IFI and EMB) and chimeric (IFI-9b and EMB-9a) myosins to continue our analysis of the contribution of alternative exons encoding the Drosophila myosin head to myosin isoform functional differences. This study focused on the structure and function of alternative relay domains encoded by exon 9. We determined the steady-state kinetic parameters of the actin-activated ATPase activities and examined the transient kinetics of the cross-bridge cycle for each of these molecules. Transient kinetics data showed significant changes due to relay domain switching.
Homology modeling permitted us to predict how isoform specific amino acid residues affect the structural and functional properties of the chimeric molecules. Our studies indicate that the relay domain serves a central role in communicating between the nucleotide-binding pocket and both the converter domain and the actin-binding site.
Ours are the first reported steady-state ATPase data for Drosophila myosin S1. The data show that basal ATPase rates are much higher for the IFI S1 than for EMB S1. This is similar to the actin activated ATPase where both the V max and K m values were ~4 fold higher for IFI S1 compared to EMB S1. The switching of exon 9a and 9b made no dramatic difference to the values for either basal or actin-activated ATPases, indicating that the ratelimiting step does not change after exon 9a and 9b are switched. Note that the values for EMB-9a S1 were quite variable compared to EMB S1, necessitating the preparation of numerous samples. This may be related to the early myofibril defects seen in the EMB-9a line 9 , which might affect the stability of myofibrillar proteins. Overall, however, it appears that the steady-state parameters of S1 are not dramatically affected by the relay area switches.
In contrast to full-length myosin, measurements of actin-activated ATPase activity of Drosophila S1 required the absence of KCl, since actin-activation was undetectable in the presence of low (20 mM) KCl concentrations (data not shown). This presumably reflects the relatively low affinity of Drosophila S1 for actin in the presence of ATP. Indeed, the apparent affinity for actin (K m ) of all four Drosophila myosin S1 fragments is more than ten times larger compared to full-length myosins. Reduced actin affinity and increased K m for actin has been reported for S1 of other species and may well reflect the higher affinity of the doubled-headed myosin for actin. 18 Direct comparison of the S1 and myosin basal ATPase and V max values is difficult because of the different assay conditions but the relative values are in general comparable. The basal MgATPase values for all four Drosophila S1 fragments were 2-fold lower than those of the full-length myosins, and this difference is not attributable to differences in salt concentration (data not shown). The V max values of the IFI S1 isoforms were ~ 2 fold higher than full-length while those of the EMB S1constructs were similar to myosin.
In contrast to the steady-state ATPase results, the transient kinetics data revealed significant alterations in various kinetic properties of the myosin head after exchange of the exon-9 encoded region. Binding of ATP to the myosin head is known to induce conformational changes in the nucleotide binding pocket involving the highly conserved switch-1 and switch-2 loops. The general consensus is that switch-1 is involved in the transmission of information between the nucleotide-and actin-binding regions whereas switch-2 plays a role in communicating changes in the nucleotide-binding pocket to the converter domain via the relay domain encoded by exon 9. Our results indicate that the Drosophila myosin relay domain can also influence the communication pathway between the nucleotide binding pocket and the actin-binding site. Exchange of the relay domain between IFI and EMB results in a 2-fold reduction of the ATP-induced dissociation rate of acto-S1 (K 1 k +2 ) for the two chimeras and also alters the affinity of acto-S1 for ADP (smaller K AD value) compared to the wild-type. Both results indicate a less efficient communication pathway between the nucleotide-binding pocket and the actin-binding site in the chimeras. ATP-binding induces closure of the nucleotide-binding pocket and subsequent opening of the actin-binding cleft, releasing actin from myosin. This process is slower after exchange of the exon 9 encoded domain, as is reflected in the reduced K 1 k +2 values of the chimeras. Upon binding of actin to myosin-ADP the actin-binding cleft closes and the nucleotide-binding pocket opens, allowing ADP release. This process is also slower for the chimeras since their K AD values are reduced, indicating an increase in ADP affinity and slower ADP release.
The ratio K AD /K D (Table 2) is termed the thermodynamic coupling constant and this parameter describes the effect of actin on ADP affinity of myosin (K AD /K D ) A strong coupling constant (~50) is found in fast myosins, indicating that the presence of actin significantly weakens ADP affinity and vice versa. The coupling constant for IFI-9b S1 (78) and EMB-9a S1 (70) suggests that these isoforms are more similar to IFI (55) than to EMB (326). For IFI-9b S1, both K AD and K D parameters are reduced compared to the wild-type IFI, so that the K AD /K D ratio is similar to that of IFI S1. Exchanging the exon 9a encoded region in EMB results in a shift of both K D and K AD towards the IFI S1 values, thus reducing the coupling constant to IFI S1 levels.
The homology modeling indicates that exchange of the region encoded by exon 9 in the myosin head of Drosophila between IFI and EMB could affect the communication pathway between the nucleotide binding pocket and the converter domain. Certain contacts between exon 9 and exon 11 regions are conserved for both isoforms (Figure 8 ), in agreement with earlier observations which showed that the myosin relay domain and the converter domain remain in contact throughout the acto-myosin ATPase cycle. 19 However, the homology models suggest that other contacts between the regions encoded by exon 9 and exon 11 are variable between the two isoforms, and may be altered, depending on the state of the myosin head ( Figure 8 ). This is true in particular for the two residues 509 and 511, which are different in IFI and EMB and could serve to fine-tune the kinetic and mechano-chemical properties of the myosin head. Exchange of the EMB residues Asp 509 and Ala 511 for the IFI residues Asn 509 and Asp 511 may alter the interface between the exon 9 and exon 11 regions and might even be responsible for the lack of motility observed for the EMB-9a mutant. 9 Introducing additional interactions between the relay and converter domain in the near-rigor conformation for EMB-9a may weaken the formation of the pre-power stroke conformation, in particular when using an intra-helical salt-bridge which contributes less electrostatic energy to the pre-power stroke conformation compared to EMB (using Lys 505 versus Arg 505 respectively). The lack of in vitro motility observed with the EMB-9a isoform, however, is overcome in fibers where maximum power generation (P max ) and optimal frequency of power generation (f max ) increased 2.5-fold and 1.4-fold compared to EMB fibers. 20 This may be due to an enhanced sensitivity to oscillatory load for the IFI relay domain. The models suggest that replacement of the IFI residues Asn 509 and Asp 511 with the EMB residues Asp 509 and Ala 511 results in weaker interactions between the relay and converter domains for IFI-9b compared to IFI. This could be responsible for decreasing P max and f max to 70% and 83% of IFI fiber values. 20 Exchanging the region encoded by exon 11 between IFI and EMB is also expected to affect the interface between the relay domain and converter domain but should leave the intrahelical salt-bridge in helix P unaltered. It was previously reported that exchange of the exon 11-encoded region between IFI and EMB does alter the mechano-chemical properties of these chimeric isoforms. IFI-EC (IFI containing the embryonic converter domain (EC)) yielded a decrease in actin sliding velocity (2.7 m·s 1 ) compared to IFI (6.4 m·s 1 ) whereas EMB-IC (EMB containing the converter domain from the indirect flight muscle isoform) showed an increase in actin sliding velocity compared to EMB (5.4 m·s 1 versus 0.7 m·s 1 respectively). 21 Transient kinetic data for these chimeras showed that the embryonic converter domain in an IFI background has a larger effect on the kinetic properties of the myosin head than the IFI converter in the EMB background. 12 Although EMB-IC and IFI-9b chimeras share the same relay and converter domain sequences (encoded by exon 9b and IC), as is also true for IFI-EC and EMB-9a which share the regions encoded by exon 9a and EC, their mechano-chemical properties are not identical. This is likely due to the involvement of the other two variable domains in the myosin head encoded by exons 3 and 7.
However, one kinetic parameter that is identical between EMB-IC and IFI-9b chimeras is the ADP release rate in the absence of actin: k D . Taking into account previous results 12 where exon 11 is exchanged between IFI and EMB (IFI-EC and EMB-IC), one can summarize the results for k D as shown in Table 3 . From this table one can conclude that, without actin present, the constructs that express exon 9a have fast ADP release rates (k D = 6-8 s 1 ), and the myosin constructs expressing exon 9b have slow ADP release (k D = 1.7-2 s 1 ). This is independent of exon 11, suggesting that the effect of exon 9 swapping on k D is unlikely to be due to the variable exon 9 encoded residues 509 and 511, located at the interface with exon 11. Our hypothesis is that for these Drosophila myosins it is exon 9 encoded residue 505 (R/K), involved in the intra-helical salt-bridge in the long relay helix P, that is responsible for the k D rate. All constructs with a R 505 display a slow k D whereas all constructs with a K 505 are considerably faster.
Apart from affecting the communication pathway between the nucleotide binding pocket and the converter domain, as suggested by the homology models, exchange of exon 9 encoded regions between IFI and EMB also affects the communication pathway from the nucleotide-binding pocket towards the actin-binding site. This is reflected in the reduced values for K 1 k +2 and K AD , measured for the chimeric constructs IFI-9b and EMB-9a compared to IFI and EMB. The homology models indicate a role for helix W (650-667) in this communication pathway. This helix immediately follows loop 2, which is a well-known actin-binding loop and is located in the lower 50 kDa domain. 22 Helix W is also close to the N-terminus of the long relay helix P and the C-terminal part of the short helix Q, both of which are part of the region encoded by exon 9 (see Figure 10 and S2). In the pre-power stroke state exon 9 encoded residue Glu 527 (helix Q) interacts with helix W residues Asn 660 and residue Lys 656 , whereas in the post-power stroke state the interaction between Glu 527 and Lys 656 remains but the contact between exon 9 encoded residues and Asn 660 is lost. In the near-rigor state the side chain of residue Glu 527 is not in contact with helix W but forms a salt-bridge with exon 9 encoded residue Lys 486 ( Figure S2 ). Thus, helix W is in an excellent position to communicate changes from the actin binding site towards the relay domain and vice versa, as was proposed previously for 5, a helix W equivalent in kinesin. 23 The region encoded by exon 9b, present in EMB and IFI-9b, has an additional contact from His 494 towards helix W residue Leu 666 , but this is only seen in the post-power stroke state and is absent in the other three states. Sequence alignments show that residue His 494 is variable among the myosins ( Figure 7B ). Myosin II and V family members have a His residue, smooth muscle myosins have a Thr and myosin VI has an Arg residue at this position. Crystal structures of myosin VI showed that this Arg residue (R 487 ) is able to form hydrogen bonds towards helix W residues Ser 660 , Thr 661 and Ala 663 in both the nucleotidefree state and in the pre-power stroke state (ExPDB: 2BKH and 2V26 respectively). 24, 25 
Biological Implications
The exon 9 domain in human -myosin heavy chain contains several sites that, when mutated, result in hypertrophic cardiomyopathy. Mutations have been reported for Asn 479 / Ser, 26 Glu 483 /Lys 26, 27 , Met 493 /Leu/Lys 28 , Glu 497 /Asp, 29 Glu 499 /Lys, 30 Glu 500 /Ala, 31 , Tyr 501 /His/Cys 28 , Ile 511 /Phe, 32 Ile 511 /Thr, 33 Phe 513 /Cys, 34 Met 515 /Arg, 33 and Leu 517 / Met, 35 (the equivalent exon 9 encoded residues in Drosophila are indicated in Figure 7B with ). Based on the homology models Asn 479 /Ser is expected to alter the interaction between helix P and switch 2, whereas Glu 483 /Lys is likely to affect the contacts with the wedge loop. Various cardiomyopathy mutations will influence contacts from the exon 9 encoded domain towards the SH1 and SH2 helices (Glu 497 /Asp and Tyr 501 /His/Cys) and towards the converter domain (Glu 500 /Ala). Mutating the residues involved in the intrahelical salt-bridge of helix P also can cause HCM (Glu 499 /Lys and Glu 500 /Ala) as can mutating the residue thought to be involved in the local unwinding of helix P (Met 493 /Leu/ Lys). HCM mutations have also been reported for helix W residues Arg 652 /Gly, Met 659 /Ile and Arg663/Ser/Cys/His. Based upon our kinetic measurements and molecular modeling, we propose that these mutations alter myosin function by disrupting the relay pathway between the nucleotide binding pocket and the actin-binding site in the lower 50 kDa domain.
Materials and Methods
Generation of subfragment-1 (S1) from isolated full-length myosin Myosin was isolated from the IFM of 170-250 wild-type or transgenic flies (those expressing the IFI, EMB, EMB-9a or IFI-9b myosin isoforms in the IFM) as previously described. 36 The production of S1 by -chymotrypsin digestion was carried out using a method based on Silva et al. 37 with the following modifications: The final myosin pellets obtained after centrifugation of a myosin solution in low salt buffer were dissolved in 20 l of high-salt digest buffer (480 mM NaCl, 20 mM Na 2 PO 4 , pH 7.0, 1 mM EDTA, and 20 mM DTT). The myosin solution was then diluted with 60 l of 0 salt digest buffer (20 mM Na 2 PO 4 , pH 7.0, 1 mM EDTA, and 20 mM DTT) to reduce the NaCl concentration to 120 mM. The myosin solution was placed at 20 °C for 5 min for temperature equilibration, followed by addition of -chymotrypsin (0.2 mg/ml) and further incubation for 4.5 minutes. Phenylmethylsulfonyl fluoride (PMSF) was added to a final concentration of 1.5 mM to quench the reaction. The myosin solution was subsequently centrifuged at 70,000 rpm (TLA 100.3 rotor) for 30 min in a Beckman ultracentrifuge to pellet the undigested myosin and myosin rods. The supernatant containing the S1 was removed and diluted to 1 ml with low salt buffer (LSB: 30 mM KCl, 5 mM MgCl 2 , 20 mM MOPS, pH 7.0, and 4 mM DTT). To concentrate the S1, the samples were centrifuged at 12,000 × g in a Sorvall MC 12V at 4 °C using a Millipore Ultrafree 0.5 m centrifugal filter Biomax-5 with a 5,000 kDa cut-off. The final volume of the supernatant was 40-60 l. S1 concentration was determined from A 280 (A 280 = 0.75 cm 1 for 1 mg S1 ml 1 ) and were in the range of 20-30 M. The S1 samples were stored on ice and used within 1 day for steady-state kinetics experiments and within 1 week for transient kinetics experiments.
Actin Preparation
G-actin was isolated from acetone powder of chicken skeletal muscle as described previously. 38 After 1 cycle of polymerization-depolymerization, soluble G-actin obtained after dialysis against 2 mM TrisCl, pH 8, 0.2 mM ATP, 2 mM CaCl 2 and 1 mM DTT was quantified spectrophotometrically using an extinction coefficient of 0.62 cm 1 (A 310nm -A 290nm ) for 1 mg actin ml 1 . Under standard preparation condition, the concentrations of Gactin solutions obtained were in the range of 30-120 M. To obtain a G-actin solution of 200-400 M, the Gactin solution was concentrated using the Millipore Biomax-5 filter as described above. F-actin was prepared by adding 1 volume of 10X polymerization buffer (50 mM TrisCl, pH 8, 0.5 M KCl, 20 mM MgCl 2 and 10 mM ATP) to 9 volumes of Gactin,, stored on ice at 4°C, and used within one month of preparation for actin-activated Mg 2+ ATPase assays. Rabbit skeletal muscle actin was used for transient kinetic experiments and prepared according to established methods. 38 Quantification of the purified actin was based on a molecular mass of 42 kDa and an extinction coefficient of E 1% = 1.104 cm 1 at 280 nm absorbance. Prior to use, rabbit F-actin was mixed with an equimolar concentration of phalloidin and incubated at 4°C for at least four hours in order to stabilize the filaments.
Basal and Actin-stimulated Mg 2+ -ATPase assays
ATPase activities were determined using [ -32 P]ATP. Actin-activated MgATPase using ~2 g S1 was determined as previously described for full-length myosins 10 with modifications. No salt (KCl) was added to the Mg 2+ -ATPase assay solution (10 mM Imidazole, 0.1 mM
, and approximately 10-fold F-actin concentrations were required to obtain near maximal levels of stimulation as previously reported for assays using full-length myosin. The working F-actin solution had a concentration of ~400 M to minimize the amount of non-radioactive ATP added to the ATPase reaction mixture. Basal Mg 2+ -ATPase activities obtained in the absence of actin were subtracted from all data points, which were fit with the Michaelis-Menten equation.
Flash photolysis system
Because of the small amounts of protein available, flash photolysis was used to measure the transient kinetics of the Drosophila myosin S1 mutants as described previously. 12, 39 Fast skeletal S1 (from rabbit) was used for testing the flash photolysis system, on each occasion and just prior to measuring the Drosophila myosin constructs of interest. The experiment was identical in all details except fast skeletal S1 replaces the Drosophila protein. Thus all aspects of the experiment, except the Drosophila protein, are carefully controlled. The ATPinduced dissociation of the acto-S1 complex was followed by measuring changes in the light scattering signal, whereas the dissociation of nucleotide from S1 alone was detected by changes in fluorescence using coumarin labeled ADP 40 (3 -O-{N-[2-(7-diethylaminocoumarin-3-carboxamido)-ethyl]-carbamoyl ADP abbreviated to deac-eda ADP). All light scattering experiments were conducted in a low salt buffer (pH 7.0: 30 mM KCl, 5 mM MgCl 2 , 20 mM MOPS and 4 mM DTT) with 1 M actin, 1-3 M S1, 500 M cATP (caged ATP), 10 mM DTT and either apyrase (2 units/ml), for ATP-induced dissociation of acto-S1 or ADP (various concentrations) and a glucose-hexokinase system (0.03 units/ml hexokinase, 1 mM glucose and 100 M Ap 5 A (P 1 , P 5 -di(adenosine 5 )-pentaphosphate) for determination of K AD . Each sample was subjected to multiple laser flashes in order to release variable amounts of ATP from caged ATP. During K AD determination ADP and caged ATP were added after each flash. The deac-eda ADP dissociation experiments (k D ) were also performed in low salt buffer and contained 4 M S1, 1.5 M deac-eda ATP (source of deac-eda ADP) and 100 M cATP. For the determination of k cat the acto-S1 sample, incubated without apyrase, was irradiated by a series of laser pulses of different intensities, which released a range of ATP concentrations (10 -70 M). The time taken to hydrolyze all of the ATP (t cat ) was estimated from the time at which the dissociation reaction was 50% complete (t diss ) to the time for 50% recovery (t ass ). 13 Plotting t cat versus ATP concentration allows one to estimate the steady-state rate of ATP hydrolysis according to Equation 2 (2) From which one can determine the k cat (Equation 3):
Analysis of the transient kinetics data
Scheme 1 was used to analyze the transient kinetics data. Equation 1 was derived from the interaction of actin and S1 with ATP and ADP (shown in Scheme 1) and was used to determine K AD .
(1) where k obs is the observed rate constant for the ATP-induced dissociation of acto-S1; K 1 k +2 is the second-order rate constant for ATP binding to acto-S1; K AD is the equilibrium dissociation constant for the binding of ADP to acto-S1. The equation k rel = k obs /k o was used to determine the relative rate constant (k rel ) shown in Figure 5 , where k o is the value of the measured rate constant k obs when [ADP] = 0.
Homology Modeling
Three-dimensional homology models were generated for the Drosophila IFI and EMB myosin motor domain and the exon 9 chimeric molecules using the SWISS-MODEL 41 automatic comparative protein modeling server as described previously. 39 The primary sequences of the Drosophila IFI and EMB isoform were pairwise aligned with the sequence of four scallop myosin structures as templates (ExPDB 1kk8, 1qvi, 1s5g and 1sr6) using the CLUSTALW alignment protocol. The alignments were submitted to the alignment interface of SWISS-MODEL and the generated models were validated using WHAT CHECK. 42 Since the template coordinates cannot be used to model regions of insertions or deletions in the target-template alignment, an ensemble of fragments compatible with the neighboring stems was constructed using constraint space programming (CSP). 41 In cases where CSP does not give a satisfying solution and for loops above 10 residues, a loop library derived from experimental structures was searched to find compatible loop fragments. Both Drosophila IFI and EMB myosin head sequences showed significant sequence identity with various other myosin super family members. A sequence identity of 60 % (± 1%) was found when aligning IFI and EMB myosin head sequences with class II scallop myosin, thus enabling us to build well-resolved homology models. 39 Crystal structures are available of the various states of scallop myosin during the cross-bridge cycle and these were chosen to generate 3D homology models of the IFI and EMB myosin heads as well as models of the chimeras obtained after swapping the exon 9 encoded region (IFI-9b and EMB-9a). Three of the scallop myosin structures used as templates contain a nucleotide in the binding pocket and they represent various conformational states of myosin during the cross-bridge cycle: the post-power stroke state contains ADP-BeF x (ExPDB 1kk8), the pre-power stroke state contains ADP-VO 4 (ExPDB: 1qvi) and a novel conformation contains partially-bound ADP-SO 4 (ExPDB 1s5g). The other scallop myosin structure does not have a nucleotide in the binding pocket (ExPDB 1sr6) and represents the near-rigor state of myosin. The generated models have Ramachandran Z-scores of 0.469 (± 0.104) and average packing Z-scores of 1.075 (± 0.075), which are within the expected range for well-refined structures. The overall topology of the models was similar to that of the scallop myosin II templates (average rmsd of the backbone is 0.17 ± 0.03 Å).
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. (A) Homology model of Drosophila myosin S1, built using the crystal structure of scallop myosin (post-power stroke conformation) as a template (ExPDB:1kk8). The exon 9 region of Drosophila is indicated in yellow (residues 472-528) consisting of the long relay helix P, a loop region and a short helix Q. The location of the nucleotide (space-filling model) is also shown. (B) Primary sequences encoded by exon 9a (IFI) and exon 9b (EMB), * indicates the five variable residues between the exon 9a and 9b regions. The rate constant for ADP dissociation (k D ) from S1 in the absence of actin was determined. Release of ATP (15 M) from cagedATP (100 M) by a single laser flash displaced the eda-deac ADP (1.5 M) bound to S1 (4 M). The change in eda-deac ADP fluorescence upon release from S1 was measured and fit with a single exponential to determine k D . Exchange of either the exon 9a or 9b domain resulted in a modulation of the eda-deac ADP release rate (see Table 2 The dissociation of 1 M acto-S1 was induced by ATP as described for Summary of the contact points between the relay area (encoded by exon 9) and the converter domain (encoded by exon 11) for the wild-type and chimeric constructs using homology models. Black is used for the wild-type and red for the chimeric constructs. Short thick lines represent close contacts (within 1.8 -4.5 Å), whereas dashed lines indicate weaker contacts (within 4.5 -5 Å). The total number of contacts between the two variable domains is indicated for each conformation. Note the extra contact for EMB-9a between residue 511 and Arg 759 in the near-rigor states, which may be responsible for the lack of in vitro actin motility observed for this mutant. In the pre-power stroke state (1qvi) exon 9 encoded residue Glu 527 (helix Q) interacts with helix W residues Asn 660 and residue Lys 656 , whereas in the post-power stroke state (1kk8, shown here) the interaction between Glu 527 and Lys 656 remains but the contact between the exon 9 region and Asn 660 is lost. In the near-rigor state the side chain of residue Glu 527 is not in contact with helix W but forms a salt-bridge with exon 9 encoded residue Lys486. The relay domain in EMB and IFI-9b (encoded by exon 9b) has an additional contact from His491 towards helix W residue Leu666, but this is only seen in the post-power stroke state (1kk8). See supplementary materials Figure S2 for all three states. 
